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In raspberry (Rubus idaeus), development of fruit color and flavor are critically dependent on products of the phenylpro-
panoid pathway. To determine how these metabolic functions are integrated with the fruit ripening program, we are
examining the properties and expression of key genes in the pathway. Here, we report that L- phenylalanine ammonia-lyase
(PAL) is encoded in raspberry by a family of two genes (RiPAL1 and RiPAL2). RiPAL1 shares 88% amino acid sequence
similarity to RiPAL2, but phylogenetic analysis places RiPAL1 and RiPAL2 in different clusters within the plant PAL gene
family. The spatial and temporal expression patterns of the two genes were investigated in various vegetative and floral
tissues using the reverse transcriptase competitor polymerase chain reaction assay. Although expression of both genes was
detected in all tissues examined, RiPAL1 was associated with early fruit ripening events, whereas expression of RiPAL2
correlated more with later stages of flower and fruit development. Determination of the absolute levels of the two transcripts
in various tissues showed that RiPALI transcripts were 3- to 10-fold more abundant than those of RiPAL? in leaves, shoots,
roots, young fruits, and ripe fruits. The two RiPAL genes therefore appear to be controlled by different regulatory

mechanisms.

Ripening fruits undergo a complex developmental
process that radically remodels both the morphology
and metabolism of their tissues. In most species,
ripening involves expansion of the ovule-derived tis-
sue, a loss of chlorophyll, and a progressive decrease
in tissue firmness. However, the traits that make
fruits uniquely attractive to harvesting species are
the accumulation of specific metabolites, notably pig-
ments and aroma volatiles (Brady, 1987). The quality
of ripe raspberry (Rubus idaeus) fruits derives, in part,
from accumulation of specific anthocyanin pigments
(cyanidin glycosides) and characteristic flavor com-
ponents (predominantly p-hydroxyphenylbutan-2-
one; Perkins-Veazie and Nonnecke, 1992; Borejsza-
Wysocki and Hrazdina, 1994). Both of these
metabolites are biosynthetically derived from r-Phe
through the phenylpropanoid pathway (Barrit and
Torre, 1975; Borejsza-Wysocki and Hrazdina, 1994).

Elevated levels of phenylpropanoid derivatives are
also associated with ripening in other fruits. The
aroma of ripe strawberry (Fragaria X ananassa) fruits is
attributed to the accumulation of volatile cinnamate
derivatives (Latza et al., 1996), and the formation of
flavor in developing fruits of Vanilla planifolia is due to
the accumulation of phenolics such as 4-hydroxybenz-
aldehyde, 4-hydroxybenzoic acid, vanillin, and vanil-
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lic acid (Brodelius, 1994). Green fruits of Litchi chinen-
sis contain the anthocyanin, malvidin 3-acetylglu-
coside, whereas ripe fruits contain cyanidin-3-rutino-
side (Rivera-Lopez et al., 1999). In Capsicum frutescens,
maturation of the fruit is accompanied by the disap-
pearance of three cinnamyl glycosides and two fla-
vonoids, whereas “lignin-like” substances and the
glycosides of vanillic acid and p-hydroxybenzalde-
hyde accumulate (Sukrasno and Yeoman, 1993).
However, although such changes in phenylpro-
panoid metabolite profiles have been documented,
there is little information concerning the underlying
regulatory mechanisms involved.

Synthesis of phenylpropanoids in fruits could be
regulated at multiple steps, including the entry of
sugars into the shikimic acid pathway, the entry of
Phe into the general phenylpropanoid pathway, or
the entry of activated coenzyme A (CoA) esters into
various subbranches of the phenylpropanoid path-
way. L-Phe ammonia-lyase (PAL; EC 4.3.1.4) is the
first enzyme of the phenylpropanoid pathway. PAL
catalyzes the nonoxidative deamination of r-Phe to
yield cinnamic acid, a reaction that is generally con-
sidered to represent a key point at which carbon flux
into this pathway is controlled.

PAL has been characterized from a limited number
of fruits, including citrus (Dubery and Schabort,
1986), grape (Vitis vinifera) berries (Roubelakis-
Angelakis and Kliewer, 1985), and strawberry (Given
et al.,, 1988a). Changes in PAL activity have been
described for ripening fruits of grape (Hrazdina et
al., 1984), apple (Malus pumila; Faragher and Brohier,
1984), and strawberry (Given et al., 1988b; Cheng and
Breen, 1991), whereas PAL gene expression has been
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profiled in ripening fruits of melon (Cucumis melo;
Diallinas and Kanellis, 1994) and sweet cherry
(Prunus arium; Wiersma and Wu, 1998). In straw-
berry, it is noteworthy that two peaks of PAL activity
have been reported, one in green fruits and a second
in nearly ripe fruits (Cheng and Breen, 1991), but
whether this represents different PAL gene products
is not known.

PAL appears to exist universally in higher plants as
a family of genes, and the presence of PAL isoforms
is a common observation. The significance of this
diversity is unclear, but evidence for a degree of
metabolic channeling within phenylpropanoid me-
tabolism suggests that partitioning of photosynthate
into particular branches of phenylpropanoid metab-
olism may involve labile multi-enzyme complexes
that include specific isoforms of PAL (Hrazdina and
Wagner, 1985; Rasmussen and Dixon, 1999).

Fruit ripening in raspberry requires coordinated ex-
pression of genes encoding enzymes in the core phe-
nylpropanoid pathway, such as PAL and 4-coumarate
CoA ligase, and enzymes in branch pathways such as
chalcone synthase, to assure accumulation of the es-
sential flavor metabolites and pigments. To determine
how this biosynthetic activity is regulated and inte-
grated within the ripening program, we have charac-
terized each of these key genes in raspberry. In the
present study, we describe the PAL gene family struc-
ture in this species, as well as the developmental ex-
pression pattern of the raspberry PAL genes.

RESULTS
PCR-Based Search for the Raspberry PAL Gene Family

We took advantage of the observation that PAL
sequences from divergent taxa share a few short
stretches of highly conserved residues, whose pres-
ence probably reflects a stringent requirement that
the PAL protein undergo a novel posttranslational
modification to form an unusual active site electro-
phile (Schuster and Retey, 1995). Degenerate PCR
primers were designed to target these signature mo-
tifs, and with raspberry genomic DNA as a template,
various combinations of the primers were used for
amplification of PAL genes.

Because all angiosperm PAL genes characterized to
date have a single intron in a conserved position
between the binding sites of primers P5-(P2/P6),
these primer combinations were expected to amplify
fragments longer than 1.1 kb (Fig. 1). In fact, ampli-
fications with combinations P5-P2 or P5-P6 each
yielded an intense band of approximately 1.8 kb.
Amplification reactions with the primer pair P7-(P2/
P6), on the other hand, yielded the predicted size
fragment of about 0.9 kb. Multiple colonies obtained
from subcloning the products of two independent
PCR reactions derived from each primer combination
were analyzed for the presence of inserts by diges-
tion with EcoRI and Xbal. We sequenced the 3" end of
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Figure 1. Summary of the partial and full-length raspberry PAL
clones identified. The dark line represents the partial fragment iso-
lated and characterized during the PCR-based homology search.
Closed arrows indicate the target positions of the degenerate primers.
The 366-bp (122 amino acids) region compared and analyzed in
detail for the PCR-based homology screening is indicated by the
hatched box. Inverted open arrows (209 ) indicate the location of the
intron found within the genomic fragments of the two raspberry PAL
genes. Restriction enzymes distinguishing the two groups of cDNA
clones are: E, EcoRl; K, Kpnl; N, Ncol; S, Smal; X, Xbal; XI, Xhol; B,
BamHl; and P, Pstl.

>20 randomly chosen clones from each of the primer
pair combinations P7-(P2/P6), and five additional
clones from each of the primer pair combinations
P5-(P2/P6).

Comparison of a stretch of 366 nucleotides (122
amino acids) sequenced from all 50 clones revealed
two different classes of PAL sequences, arbitrarily
named Ripall (GenBank accession no. AF304366) and
Ripal2 (GenBank accession no. AF304367) The Ripall-
like sequence class was represented by 43 clones: 16
clones obtained from primer-pair P7-P2, 18 clones
from P7-P6, five clones from P5-P2, and four clones
from P5-P6. A closer analysis of these sequences re-
vealed that the clones could be grouped into two
subcategories that varied from each other at fewer
than 10 nucleotide positions. Twenty clones were
identical in the 366-nucleotide positions and this se-
quence therefore was designated Ripall. Each of the
15 additional clones had single base substitutions at
nucleotide positions 75 (C—T), 114 (A—G), 141
(C—=T), 144 (G—A), 162 (C—T), 228 (T—C), 267
(A—T), and 351 (C—Q). It is interesting that none of
these substitutions introduced a change in the amino
acid sequence. Because these specific substitutions
were seen in multiple clones obtained from two in-
dependent PCR reactions, and because the target
DNA used for amplification in this analysis was dip-
loid (and derived from multiple non-clonal parents),
the observed differences presumably reflect allelic
polymorphism at the Ripall locus. Eight additional
clones representing the Ripall locus were found to
contain single base substitutions at fewer than three
nucleotide positions, each within the 366 nucleotides
compared. These substitutions were not seen in
clones obtained from another PCR reaction with the
same or a different primer set, and thus likely reflect
synthesis errors introduced by Tag DNA polymerase.
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Ripal2 was represented by eight clones obtained
from primer set P7-P2, four clones from P7-P6, two
clones from P5-P2, and one clone from P5-6. Eight of
these clones were identical over the 366 nucleotides
compared and this sequence therefore was designated
Ripal2. An additional four clones contained substitu-
tions at both nucleotide positions 234 (T—C) and 246
(T—C). These sequences most likely represent allelic
variation because they were detected in clones ob-
tained from two independent PCR reactions with the
same or different primer combinations. Three of the 15
Ripal2-like clones had single nucleotide substitutions
at positions that were not represented in other clones,
and thus most likely arose from the error introduced
by Tag DNA polymerase. Ripal2 has an internal EcoRI
site 554 bp downstream of primer P5 (281 bp down-
stream of primer P7; Fig. 1) that accounted for clones
with inserts of 0.7 kb obtained with all the primer
combinations used in this analysis.

Amplifications of Ripall and Ripal2 with primer
combinations P5-(P2/P6) had revealed the likely
presence of intron(s) within the regions amplified,
based on the size of the PCR amplification products
(1.8 kb). Because Ripal2 had an internal EcoRI site
(Fig. 1), we cloned the 1.8-kb PCR-amplified products
of P5-(P2/P6) into a dideoxy T-tailed vector (Holton
and Graham, 1991). The two classes of raspberry PAL
genes could be distinguished by digesting the cloned
inserts with EcoRI. Sequencing the full 1.8-kb insert
from each of the two classes confirmed the presence
of introns 778 and 687 bp in size in RiPAL1 and
RiPAL2, respectively. The two introns share 57% nu-
cleotide sequence identity.

The sizes of PAL introns sequenced thus far vary
from 90 bp in pea (Pisum sativum) PAL2 (Yamada et
al., 1992) to approximately 1,900 bp in Nicotiana taba-
cum PALs. The raspberry intron is inserted between
the second and third bases of a conserved Arg codon
at a position that is identical to that observed in other
angiosperm PAL genes (Arg-121 in Arabidopsis
PAL3; Fig. 1). In PAL genes from potato (Solanum
tuberosum; Joos and Hahlbrock, 1992) and orchid
(Bromheadia finlaysoniana; Liew et al., 1996), this Arg
is replaced by a Lys but the position of the intron is
conserved. The sequence around the exon-intron
junctions in the Ripal genes is similar to the consen-
sus for dicot genes (Brown, 1986) and conforms to the
“GT-AG” rule for donor/acceptor sites (Breathnach
and Chambon, 1981). Within the amplified regions,
the Ripals do not contain the second intron found
only in Arabidopsis PAL3 and Arabidopsis PAL4
(GenBank accession no. Ac009400) genes to date.

Isolation and Characterization of Rubus PAL cDNAs

Three rounds of screening the cDNA library with a
mixed population of Ripall and Ripal2 yielded 25
clones with potentially full-length PAL gene inserts,
which RFLP analysis grouped into two discrete
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groups (Fig. 1). Group I clones had a similar RFLP
pattern and an exact sequence match to Ripall locus.
Group II clones had a similar RFLP pattern and exact
sequence match with the overlapping regions of
genomic fragments of Ripal2 locus. Because group I
and group II ¢cDNA clones were the full-length ex-
pressed versions of the two PAL loci in raspberry, we
designated these clones as RiPAL1 and RiPAL2.

The open reading frame of RiPALI1 encodes a
polypeptide of 710 amino acids with a predicted
molecular mass and theoretical pl of 77,580 D and
6.2, respectively. The RiPAL2 open reading frame
encodes a polypeptide of 730 amino acids with a
predicted molecular mass and theoretical plI of 79,356
D and 5.9, respectively. The calculated molecular
masses of the two deduced open reading frames are
consistent with the size determined for PAL polypep-
tides (72-83 kD) from other plants using SDS/PAGE
(Schomburg and Salzmann, 1990).

Sequence analysis of the cDNAs demonstrated that
the introns detected in each of the two genes were
spliced at the expected positions. The deduced amino
acid sequences of RiPALI and RiPAL2 are 81% iden-
tical (88% similar) to each other. As has been noted in
other PAL protein sequences (Cramer et al., 1989),
the greatest divergence is found in the N-terminal
region. This is reflected in the sequences of the exon
I portions of the two raspberry PAL genes, which
share 73% amino acid sequence identity, whereas the
sequences representing the exon II regions shared
83% amino acid sequence identity.

In amino acid sequence comparisons between the
RiPALs and the PAL gene family members from other
species, the sequences of RiPALI and RiPAL2 were
more closely related to predicted amino acid se-
quences of PAL genes isolated from dicot plant species
than to those from monocot plants, as expected. The
polypeptides encoded by rice (Oryza sativa) PAL
genes, for example, share only 66% to 72% amino acid
sequence identity with RiPALs. A posttranslational
phosphorylation site (Thr-545) detected in the bean
(Phaseolus vulgaris) PAL sequence (Allwood et al.,
1999) is conserved in the two raspberry PALs, suggest-
ing that phosphorylation might play a role in modu-
lating the activity of these PALs. Other potential post-
translational modification sites are also predicted for
both RiPALs, but their relevance is unknown.

To study the evolutionary relationship among PAL
genes, sequences of a set of PAL gene family members
from other plant species, including raspberry, were
analyzed using the maximum parsimony method. The
heuristic search resulted in a single tree that we des-
ignate as the most parsimonious tree. The gymno-
sperm PAL sequence from Pinus taeda was selected as
the outgroup because gymnosperms are considered
on the basis of both morphological characters and 18s
RNA sequences (Chaw et al., 1997) to be ancestral to
the angiosperms. With the pine (Pinus taeda) PAL se-
quence as the outgroup, the high bootstrap values
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(100% of the 1,000 bootstrap replicates) place dicot and
monocot PALs in separate monophyletic groups (Fig.
2). Among the dicot PALs, RiPAL1 formed a distinct
subgroup, whereas RiPAL2 clustered with the cherry
PAL sequence, the only other full-length PAL gene
characterized from a Rosaceae species.

Developmental Regulation of RiPAL Genes

Because we were interested in the relationship be-
tween PAL gene expression and the process of rasp-
berry fruit ripening, we examined the expression

PAL Gene Family in Raspberry

patterns of the two RiPAL gene family members both
during fruit development and in other tissues. Using
a semiquantitative competitive reverse transcriptase
(RT)-PCR method based on an internal DNA compet-
itor, we were able to demonstrate that both members
of the RiPAL gene family were expressed in all the
tissues examined (Fig. 4). Among the tissues exam-
ined, the two genes were expressed most actively in
fertilized flowers or in fruits. Moderate expression
was also detected in shoots and roots, whereas very
low levels of expression were observed in the young
leaves. Low expression of PAL genes in leaves accom-
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Figure 2. A phylogenetic tree depicting the relationships among PALs. PALs identified from other species were used subject
to the following restrictions: (a) Only species in which full-length PAL gene families have been characterized were used in
the analysis; and (b) within a gene family, only sequences that differed by more than 5% in primary nucleotide sequence
were incorporated in the analysis to reduce the inclusion of allelic sequences. Amino acid sequences were aligned and the
parsimonious tree was constructed using the program PAUP 4.0.b2. Characters were reweighted for maximum retention
indices. The tree shown has a consistency index of 0.788. Branch lengths are indicated above the branch lines and bootstrap
support values are underlined. Support values below 50% are not indicated. The P. taeda PAL sequence (accession no.

T09777) was used to root the tree.
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Figure 3. Specificity of the gene-specific primers designed to amplify
individual members of the RiPAL gene family. Lane 1, RiPALT cDNA
with RiPAL 1-specific primers P15 and P13; lane 2, RiPAL2 cDNA with
RiPAL1-specific primers P15 and P13; lane 3, RiPALT cDNA with
RiPAL2-specific primers P25 and P23; lane 4, RiPAL2 cDNA
with RiPAL2-specific primers P25 and P23. M, 100-bp M, marker.

panied by a higher level of expression in roots has
also been seen in other plant species (Liang et al.,
1989; Joos and Hahlbrock, 1992; Yamada et al., 1992;
Subramaniam et al., 1993).

The expression profile of RiPAL2 could be readily
mapped onto the different stages of reproductive
tissue development, with the highest expression of
RiPAL2 occurring in fully fertilized flowers (stage
III). As the flowers developed into fruits, levels of
RiPAL2 were low during early stages of fruit devel-
opment and then peaked as the fruits ripened
through the pink (stage III) and then red (stage IV)
stages. In contrast, RiPALI was most highly ex-
pressed in green immature fruits (stage I), and its
expression declined as the fruits approached matu-
rity. The expression of RiPAL2 followed the expres-
sion profile of the orthologous cherry PAL gene,
which is maximally induced in “early pink” stages of
fruit development (Wiersma and Wu, 1998).

Quantitation of the Expression of RiPAL Genes in
Different Organs of Raspberry

Although the previous analysis showed that the
two genes were each expressed in all tissues, their
expression levels within a single tissue could not be
directly compared using this method. Therefore, we
included a positive standard in the RT-PCR assay to
quantify the absolute amounts of each RiPAL gene in
various tissue. As determined by this analysis, the
absolute amounts of the two PAL gene transcripts in
raspberry fruits (stage III) were essentially equal and
equivalent in each case to 65 ng mg ™! total RNA. This
result is consistent with the class distribution of the
RiPAL clones isolated from the raspberry ¢cDNA li-
brary, where the 26 full-length characterized cDNAs
fell into two RFLP classes that contained 12 RiPAL1
and 14 RiPAL2 clones, respectively.

The quantitative analysis revealed that RiPALI
mRNA is more abundant than RiPAL2 in most of the
tissues examined (Table I). RiPAL1 is about 12-fold
more abundant in shoots and about 5-fold higher in
leaves and young fruit (stage I and II). Only in ma-
ture flowers (stage III) and maturing fruits (stage III)
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did transcripts of RiPALI and RiPAL2 appear at sim-
ilar levels.

DISCUSSION

We have used a combination of approaches to
identify the repertoire of PAL genes in raspberry
and to study the tissue-specific and developmental
expression of each gene family member during rip-
ening of raspberry fruits. To our knowledge, this is
the first comprehensive study of the PAL genes from
a fruit crop.

To identify the PAL genes in raspberry, we initially
used degenerate PCR primers that target evolution-
arily conserved sequences in PAL. Such a PCR-based
homology approach was previously successful in
identifying multiple divergent PAL genes in pine
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Figure 4. Semiquantitative RT-cPCR estimation of the accumulation
of specific RiPAL transcripts in different organs of raspberry. A,
RT-cPCR was performed using 100 ng of total RNA isolated from:
young leaves, shoots, roots, and different developmental stages of
flowers and fruits. Following 32 cycles of amplification, the products
(50% of each amplification mix) were resolved in a 3% (w/v) Tris-
acetate-EDTA-agarose/ethidium bromide gel. B, The relative
amounts of target (t; 217/218 bp) and competitor (c; 370 bp) ampli-
fication products were calculated, and the ratio of the two products
graphed. Similar results were obtained in two independent experi-
ments. The expression level of a given RiPAL gene can be compared
between tissues, but expression of the two RiPAL genes cannot be
compared within a tissue. The intensity of RiPAL bands was normal-
ized to the intensity of the RiHis3 product (395 bp) as a control for
equal amounts of starting RNA. No amplification products of this
size were obtained in the absence of the RiHis3 primers. M, 100-bp
DNA size marker; C, positive control cDNA.
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Table I. Levels of specific RiPAL transcripts in different organs

The absolute levels of the two RiPAL transcripts were first deter-
mined for stage Il fruits. The levels of transcripts of each cDNA in
other organs were then determined based on the relative ratio (target:
competitor) of expression of each cDNA in those tissues compared
with that seen in stage Il fruits (Fig. 4B).

RiPAL Transcript Levels

Organ Ratio‘ RiPALT:
RIiPALT RIiPAL2 RiPAL2
ng mg~ " total cellular
RNA

Leaves 14 3 4.4
Shoots 169 15 11.5
Roots 126 39 3.3
Flowers | 37 13 2.9
Flowers Il 8 23 0.3
Flowers Il 76 73 1.0
Fruits | 426 75 5.7
Fruits Il 73 15 4.9
Fruits 111 65 65 1.0
Fruits IV 133 78 1.7
Fruits V 84 20 4.2

(Butland et al., 1998), where an earlier cDNA library
screening had led to the erroneous conclusion that
PAL might be encoded by a single gene in gymno-
sperms (Whetten and Sederoff, 1992). By sequencing
multiple PCR-derived clones, we identified partial
fragments of two distinct raspberry PAL genes (Ripall
and Ripal2), distinguishable by a polymorphic EcoRI
restriction endonuclease site. We also isolated puta-
tive alleles of Ripall and Ripal2. Screening of a cDNA
library derived from partially ripe fruits of raspberry
resulted in the isolation of two classes of cDNA clones
that represented the full-length sequences correspond-
ing to the PCR-generated genomic fragments. The
presence of both sequences in the cDNA library dem-
onstrates that the genomic sequences do not represent
pseudogenes.

The two genomic fragments designated Ripall and
Ripal2 shared 71% nucleotide sequence identity, con-
firming that the PCR primers used in this study are
capable of efficiently amplifying divergent PAL genes.
Using the same sets of degenerate PCR primers, But-
land et al. (1998) identified five pal loci in Pinus ban-
skiana that share 69% to 94% nucleotide sequence iden-
tity within a 366-bp region similar to that used for
comparison of the raspberry PAL genes. Likewise, we
have used the primer pair combination P7-P2 to suc-
cessfully sample the presence of PAL genes in various
plant species, including those belonging to taxa as
remote as the Hepatophyta, Bryophyta, and Lyco-
phyta (M. McQuoid and B. Ellis, unpublished data).
This emphasizes the conserved nature of the PAL
primer target sequences across great evolutionary dis-
tance. In fact, the peptide sequences targeted by the
PAL primers are also conserved in a catalytically sim-
ilar enzyme, His ammonia-lyase (EC 4.3.1.3). The re-
cently reported crystal structure of His ammonia-lyase
reveals that the residues targeted by primers P5, P7,
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P2, and P6 are all required for the formation of the
active sites in these tetrameric ammonia-lyase enzyme
(Schwede et al., 1999).

Several lines of evidence support the conclusion
that the RiPAL gene family consists of just two mem-
bers. First, amplification of the raspberry genome
with different sets of degenerate PCR primers ampli-
fied the same two classes of genes in each case.
Second, screening of a cDNA library under moderate
stringency conditions recovered an array of clones
that could all be assigned to two groups, correspond-
ing to the genomic PCR products. Finally, in a
Southern-blot analysis with each of the two RiPAL
cDNAs, single genomic restriction fragments gener-
ated by each of six restriction endonucleases hybrid-
ized to each cDNA (data not shown). Nevertheless,
we cannot with certainty exclude the existence of
additional, even more divergent members.

Gene duplication followed by divergence in regu-
latory and/or protein coding sequences has long
been recognized as a potential source of genes with
novel functional capabilities (Ohno, 1970). Our anal-
ysis of the clustering relationships of Arabidopsis
PAL clones (Fig. 2) suggests that duplication has
been an important theme in the evolution of PAL
genes. As was observed earlier (Wanner et al., 1995),
such duplication events apparently have occurred
both before and after the divergence of monocots and
dicots that is proposed to have taken place between
200 and 100 million years ago (Stewart and Rothwell,
1993). Events that occurred later in the evolution of
angiosperms, after the split between monocots and
dicots, resulted in PAL genes within a single species
that cluster together, rather than with PAL genes
from other species. For example, Petroselinum crispum
PAL is encoded by a family of four genes that cluster
closely together, as do PAL gene family members
characterized from N. tabacum, potato, Lycopersicon
esculentum, and Lithospermum erythrorhizon.

Consistent with this model of relatively recent di-
vergence, the biochemical and molecular data for the
Petroselinum sp. PALs expressed as recombinant pro-
teins show that they have nearly indistinguishable
catalytic properties (Appert et al., 1994). The four
genes also share considerable sequence similarity in
their promoter elements and are induced in a similar
manner (Logemann et al., 1995). In contrast to these
recently diverged PALs, however, Phaseolus vulgaris
PAL genes do not cluster together. They also encode
unique PAL isoforms (Liang et al.,, 1989), and are
differentially induced by different stimuli (Liang et
al., 1989). Because the two raspberry PAL sequences
do not cluster together, they likewise may have
evolved to encode distinct PAL isoforms that play
different metabolic roles.

Although the expression profiles for RiPAL1 and
RiPAL2 in raspberry are broadly similar (Fig. 4 and
Table I), there are clearly both qualitative and quan-
titative differences in their regulation, implying that
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their expression is controlled by distinct regulatory
signals. During fruit ripening, the strongest signal for
RiPAL1 was detected in stage I fruits, whereas the
strongest signal for RiPAL2 was observed in stage IV
fruits. Although fruits at these two stages clearly
differ in their chemistry, determination of the exact
role played by each RiPAL isoform in supporting
accumulation of specific phenylpropanoid products
in fruits would require detailed metabolite profiling.
It is perhaps noteworthy that two peaks of PAL
activity have been reported in ripening strawberry.
The first peak, observed in green fruits, has been
suggested to be involved in the synthesis of fla-
vonoids (e.g. condensed tannins) and phenolics dur-
ing early fruit development, whereas the second
peak, in nearly ripe fruits, is correlated with the
anthocyanin accumulation that is the hallmark of
ripe fruits (Cheng and Breen, 1991).

Although the flowering and fruiting developmen-
tal program clearly induced both RiPAL transcripts,
their overall abundance is not uniquely correlated
with the process of fruit ripening. RiPALI is strongly
expressed in raspberry shoots and roots, whereas
RiPAL2? is expressed at generally lower levels
throughout the plant, a pattern that is reminiscent of
the behavior of the three Phaseolus sp. PAL genes
(Liang et al., 1989). All three members of the Phaseo-
Ius sp. PAL gene family are expressed in roots,
whereas PAL1 and PAL2 are expressed in shoots.
PALIT is also weakly expressed in Phaseolus sp. petals,
whereas PAL2 is strongly expressed in that tissue and
PAL3 transcripts could not be detected. Only PALI is
expressed in leaves (Liang et al., 1989). Thus, as in
Phaseolus sp., the RiPAL1 and RiPAL2 genes are both
phylogenetically separated and perhaps regulated by
different developmental control mechanisms. We
have recently observed a similar complexity in the
differential regulation of members of a family of
4-coumarate:CoA ligase genes, and a family of
polyketide synthase genes, in raspberry (A. Kumar
and B. Ellis, unpublished data).

The identification and characterization of two PAL
genes from a fruit cDNA library creates an opportu-
nity to explore the possible functions of multiple PAL
genes during fruit development. To resolve their re-
spective roles, it would be informative to selectively
silence each of the two raspberry PAL genes and
monitor the resulting transgenic phenotypes. Trans-
formation of this species has been accomplished
(Hassan et al., 1993), and the presence of gene-
specific sequences within the N-terminal regions of
RiPAL1 and RiPAL2 should make it possible to de-
ploy posttranscriptional gene silencing procedures
(Waterhouse et al., 1998). Therefore, it should be
feasible to dissect the functions of the raspberry PAL
gene family, and the cis-acting elements involved in
selective expression during fruit development.
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MATERIALS AND METHODS
Plant Growth Conditions and Materials

Raspberry (Rubus idaeus L. cv Meeker) plants were
grown in the experimental plots of the Agriculture and
Agri-Food Canada Research Station (Abbotsford, BC) or in
the greenhouse (Faculty of Agricultural Sciences, Univer-
sity of British Columbia) under ambient conditions. All
harvested plant tissues were immediately frozen in liquid
nitrogen and stored at —80°C.

Raspberry leaf, shoot, and root tissues were pooled from
several plants grown under greenhouse conditions. Flow-
ers and fruits at different developmental stages were
pooled from multiple plants grown in an experimental
field trial by Agriculture and Agri-Food Canada. Flowers I
consisted of closed inflorescence buds, flowers II consisted
of fully open flowers, and flowers III consisted of fertilized
flowers. Fruits I were green, hard, and still undergoing cell
expansion. Fruits Il were still green but had almost reached
mature size. Fruits III were yellow, starting to “blush,” and
had reached full size. Fruits IV were fully ripe, with the
color and aroma fully developed, whereas fruits V were
slightly overripe and somewhat dehydrated.

Gene Amplification and Characterization

Degenerate PCR primers capable of amplifying segments
of the PAL genes are: P5, 5'-CGGAATTCTACGG(T/C)
GTCACIAC(T/C) GGITT(T/C) GG-3'; P7, 5'-CGGAAT-
TCATC(T/A) CIGCITCIGGIGA(C/T)(T/C) T-3'; P2, 5'-
GCTCTAGATG(T/C) TCIGCIG/C)(A/T)(T/C) TGIAC
(A/G) TG-3'; and P6, 5'-GCTCTAGATTIAC(G/A) TC
(C/T) G(G/A) TT(A/G) TG(C/T) TC-3'. Each primer carried
a restriction endonuclease site (underlined) to facilitate direc-
tional cloning of the PCR products. The potential target bind-
ing sites of these primers have been graphically represented
in Figure 1.

Genomic DNA from young leaves was isolated using the
method described by Doyle and Doyle (1990). Amplifica-
tion reactions contained 100 ng of genomic DNA, 1X Ap-
pligene buffer (providing a final concentration of 1.5 mm
MgCl,), 0.5 um each 2’-deoxynucleoside-5'-triphosphate, 2
uM each primer, and 2.5 units Tag DNA polymerase. The
reaction mixture was incubated at 95°C for 10 min and then
subjected to 35 cycles of amplification (95°C for 50 s, 55°C
for 50 s, and 72°C for 1 min), and completed by a final
10-min extension at 72°C in a Techne PHC-3 thermal cycler
(Mandel Scientific, Guelph, ON). The PCR reaction prod-
ucts were analyzed by 1% (w/v) Tris-acetate-EDTA-
agarose gel electrophoresis.

Amplified products of two independent PCR reactions
from each primer combination were subcloned into EcoRI/
Xbal-digested pUC19. Multiple clones from each subclon-
ing experiment were amplified with vector-specific prim-
ers M13R and M13F to confirm the presence of inserts.

Construction and Screening of the Raspberry
c¢DNA Library

Total RNA was isolated from raspberry fruits (stage III)
using the RNeasy Maxi Kit (Qiagen, Valencia, CA) follow-
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ing the manufacturer’s protocol. Poly(A™) RNA was iso-
lated from 1.5 mg of total RNA using Dynabeads Oligo
(dT,s; Dynal, Lake Success, NY) following the manufactur-
er’s instructions. A cDNA library was constructed from 5
ug of poly(A*) RNA using a Uni-ZAP XR Library Con-
struction Kit (Stratagene, La Jolla, CA). The cDNA library,
consisting of approximately 10”7 independent clones, was
amplified once to obtain high-titer stock.

Approximately 5 X 10° plaques of the amplified cDNA
library were blotted in duplicate on Hybond N* nylon
membrane (Amersham, Piscataway, NJ). The membranes
were screened with a mixed population of Ripall and
Ripal2 radiolabeled to a high specific activity with
[@-**P]dATP using a Random Primer Labeling kit (Life
Technologies, Burlington, ON). The nylon membranes
were hybridized at 50°C for 16 h in hybridization buffer
consisting of 6X SSC buffer, 20 mm NaH,PO,, 0.1% (v/v)
SDS, 5X Denhardt’s reagent, and 500 ug mL ™! denatured
salmon sperm DNA. The membranes were washed three
times (20 min each) at 50°C with 6X SSC buffer and 0.1%
(v/v) SDS. After the tertiary screen, the insert of each
positive plaque was amplified with vector-specific primer
T3 and PAL gene-specific primer P6, employing the proto-
col used for amplifications of the genomic fragments.
Clones with potential full-length genes were re-amplified
with vector-specific primers T3 and T7 to obtain the full-
length inserts. Amplified full-length inserts (5 uL) were
digested with restriction enzymes (BamHI, HindlIll, EcoRI,
EcoRV, Kpnl, Ncol, Sall, Smal, and Xhol) to distinguish
clones based on RFLP. One plaque representative of each
RFLP class harboring the largest size insert was rescued as
a pBluescript II SK(-) phagemid using the ExAssist (Strat-
agene) helper phage.

Sequence Analysis

Plasmid DNA from selected clones was isolated for se-
quencing following a mini-alkaline lysis/polyethylene gly-
col precipitation procedure (Ausubel et al., 1995). Both
strands of the insert were sequenced with the M13 univer-
sal primer and/or synthetic oligonucleotide primers as
needed to extend the sequence. Sequencing reactions were
carried out at the Nucleic Acid Protein Service Unit (Uni-
versity of British Columbia) in an ABI 373 DNA sequencer
(Applied Biosystems, Foster City, CA). All sequences were
edited and analyzed using the PC/GENE Software (Intel-
ligenetics, Mountain View, CA). Database searches for se-
quence homology and comparisons were performed using
various web-based analytical tools. Sequences for the
RiPAL1 and RiPAL2 cDNAs were submitted to GenBank
(accession nos. AF237954 and AF237955, respectively).

RT-cPCR

Gene-specific primers capable of amplifying a segment
between nucleotides 2,009 and 2,227 of RiPAL1 cDNA are:
P15 (5'-CGACAATGCCAGGATCGAAT) and antisense
primer P13 (5'-TCCTTCAAACACTCCAGCAGA-3'). Gene-
specific primers capable of amplifying a segment between
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nucleotides 2,009 and 2,225 of RiPAL2 cDNA are: P25 (5'-
TGAGAGCGCTAGGGCTGCG-3') and antisense primer
P23 (5'-GCTGAGGCAGCTGAGAATG-3'). Gene-specific
primers for amplification of a fragment of the Rubus sp.
HistoneH3 gene (GenBank accession no. AF304365) had the
nucleotide sequences: H15 (5'-ATGGCGCGGACGAAGGA-
3") and H13 (5'-GCCTACGCCGCCCGCTCAACCTA-3').
The specificity of the gene-specific primers was tested by
control amplifications of the reciprocal plasmid cDNAs
(Fig. 3).

To generate PCR competitors, a 330-bp fragment of a
spruce coniferin-B-glucosidase gene (M. Gray-Mitsumune
and B.E. Ellis, unpublished data) was first amplified with
primers C15 (5'-CCCCTAACAGGAATTCTGCG-3') and
C13 (5'-ACCATCGCAGATTGAAGGAC-3'). The PCR
product was then re-amplified with composite primers
containing both coniferin-B-glucosidase and RiPAL1/RiPAL2
gene-specific sequences, and finally with RiPAL1/RiPAL2
gene-specific primers only. This procedure generated two
370-bp non-homologous DNA fragments (competitors)
containing at their ends appropriate templates for RiPAL1/
RiPAL2 primers.

A constant amount of total RNA (100 ng) from various
raspberry tissues was reverse-transcribed into cDNA using
Omniscript Reverse Transcriptase (Qiagen) in a reaction
volume (20 uL) containing 1X RT buffer, 0.5 mm each
dNTP, 1 um oligo-dT primer, and 10 units RNase inhibitor
(Pharmacia, Piscataway, NJ). The reaction mixture was
incubated at 37°C for 1 h followed by 5 min incubation at
95°C to destroy the RT enzyme. To normalize for equal
amounts of total RNA and efficiency of cDNA synthesis
from various tissue samples, the intensities of the bands
were normalized with the average intensity of the RiHis3
product across the samples investigated. For competition
assays, the first-strand cDNA reaction (1 pL) was amplified
in a total volume of 20 pL containing 200 nm each PCR
primer, 200 uMm each dNTP, and 2.5 units of Tag DNA
polymerase in 1X PCR buffer (Qiagen), 1X Q solution
(Qiagen), and 1 attomol of competitor. The thermal cycling
conditions were 94°C for 5 min, followed by 25 cycles for
RiHis3 or 32 cycles for RiPAL of 94°C for 20 s, 59°C for 50 s,
and 72°C for 50 s, followed by a final extension for 5 min at
72°C. The PCR product (10 L) was analyzed on a 3%
(w/v) TAE-agarose gel and stained with ethidium bro-
mide. The staining intensity was digitally quantified using
the Scion Image (Scion Corporations, Frederick, MD). Rel-
ative intensities of the target and competitor bands were
expressed as arbitrary units after correction for band size
differences between the competitor and target. This analy-
sis was repeated twice with consistent results and repre-
sentative data from one analysis have been presented.

To determine the absolute levels of the two transcripts
across different tissues, the absolute levels were first de-
termined in fruits (stage III) because it had been established
by ¢cDNA screening that both genes are expressed in this
tissue. Constant aliquots of cDNA (2 uL) were used as PCR
template with RiPAL1/RiPAL2 gene-specific primer pairs
in the presence of a series of dilutions of each competitor
ranging from 100 to 3 X 102 attomoles. The two targets,

237



Kumar and Ellis

the 217-/218-bp fragment from RiPAL1/RiPAL2 mRNA
and the control competitor (370-bp) fragments, are simul-
taneously amplified by the polymerase in proportions that
reflect the relative abundance of each target species. As
decreasing amounts of competitor are added, the amount
of RiPALs cDNA being amplified increases. Hence, the
ratio of the two bands (target:competitor) observed after
agarose gel electrophoresis changes across the dilution se-
ries. After densitometric scanning of the stained gel, the
logarithm of the molar ratio of the target to competitor was
plotted as a function of the logarithm of the amount of
competitor added, to establish the point at which the
amount of target is equal to the amount of competitor.
Once the absolute amounts of RiPALI/RiPAL2 genes in
developing fruits (stage III) were known, it was possible to
calculate the amounts of each transcript in other tissues by
comparing the ratio (target:competitor) obtained for each
tissue with the ratio (target:competitor) established for ex-
pression in fruits stage IIL

Phylogenetic Analysis

PAL amino acid sequences were downloaded from the
GenBank database and aligned using Clustal W (Altschul
et al., 1990). The alignment was manually optimized and
used to find the most parsimonious tree, employing the
heuristic search option algorithm in the program PAUP
4.0b2 (Sinauer Associates, Sunderland, MA). For statistical
analysis, 1,000 bootstrap replications (Felsenstein, 1995)
were analyzed. The following PAL amino acid sequences
(accession nos. within parentheses) were used for phylo-
genetic analysis: Arabidopsis (P35510, P45724, P45725, and
AC009400), Citrus limon (Q42667, AJ238753, and AJ238754),
Glycine max (P27991 and JQ1070), Ipomoea batatas (P14166
and Q428588), Lithospermum erythrorhizon (049835 and
049836), Lycopersicon esculentum (P35511 and P26600), Nico-
tiana tabacum (P25872, P35513, and P45733), Phaseolus vul-
garis (P19142 and P19143), Pisum sativum (Q01861 and
Q04593), Petroselinum crispum (P24481 and P45728), Populus
kitakamiensis (P45731, P45730, Q43052, and Q40910), rasp-
berry (AF237954 and AF237955), Prunus avium (AF036948),
Solanum tuberosum (P31425 and P31426), Oryza sativa
(P14717 and P53443), and Pinus taeda (T09777).
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